After encountering foreign antigen, B cells diversify their immuno globulin genes by somatic hypermutation (SHM), gene conversion (GC) and classswitch recombination (CSR). SHM introduces muta tions into variable (V)region genes, and the mutant proteins are then selected by antigen to cause affinity maturation. GC modifies the Vregion gene by recombining related gene sequences to encode different proteins. CSR allows antibodies to change their constant (C)region gene from immunoglobulin M (IgM) to Cregion genes of other isotypes to produce antibodies with different effector functions. This phenomenon of genomic mutagenesis is initiated by the enzyme activationinduced deaminase (AID).
A r t i c l e s
After encountering foreign antigen, B cells diversify their immuno globulin genes by somatic hypermutation (SHM), gene conversion (GC) and classswitch recombination (CSR). SHM introduces muta tions into variable (V)region genes, and the mutant proteins are then selected by antigen to cause affinity maturation. GC modifies the Vregion gene by recombining related gene sequences to encode different proteins. CSR allows antibodies to change their constant (C)region gene from immunoglobulin M (IgM) to Cregion genes of other isotypes to produce antibodies with different effector functions. This phenomenon of genomic mutagenesis is initiated by the enzyme activationinduced deaminase (AID).
AID is a member of the APOBEC family of polynucleotide deami nases that catalyze the conversion of cytosine to uracil in RNA and DNA. On the basis of its sequence similarity to the RNAediting enzyme APOBEC1, AID was initially hypothesized to function as a RNA deaminase 1 . The RNAediting model proposes that AID mutates RNA transcripts by deaminating cytidine to uridine to change codon specificity. The edited RNA might then encode an endonuclease that specifically cleaves DNA in immunoglobulin genes to initiate SHM, GC and CSR 2 . In contrast, the DNA deamination model contends that AID mutates DNA, on the basis of the finding that uracil DNA glycosylase (UNG) is required for CSR and GC and influences the mutation spectrum of SHM [3] [4] [5] [6] [7] [8] . UNG binds to U:G mispairs in DNA to remove the uracil base and allow further processing of the remaining abasic nucleotide by the apurinicapyrimidinic endonuclease APE1. APE1 cleaves the abasic site to produce a singlestrand break, and adjacent singlestrand breaks on both DNA strands are substrates for CSR. Thus, both UNG and APE1 are particularly integral for CSR if deamination occurs in DNA, whereas they are dispensable if deamination occurs in RNA.
There are conflicting reports on the roles of UNG and APE1 in CSR. The fact that Ung −/− B cells are deficient in CSR suggests that uracil is present in DNA 4 . However, mutant forms of UNG with impaired glycosylase activity in vitro are proficient in CSR, which suggests that UNG has a nonenzymatic role, such as acting as a scaf folding protein 9, 10 . Indeed, the identification of formation of foci of the histone variant γH2AX and the presence of DNA strand breaks in Ung −/− cells suggested a role for UNG in repairing DNA breaks rather than in forming them 11 . However, biochemical characterization of the UNG mutants has called those results into question because the mutants may retain enough catalytic activity to initiate switching in vivo 12, 13 . There is also disagreement over the role of APE1, with conflicting reports that deficiency in APE1 either results in less CSR 14 or does not affect CSR 15 . Apart from the role of UNG and APE1 enzymes in B cells, examination of AID activity in Escherichia coli and biochemical characterization of AID protein have supported the idea that it deaminates DNA substrates [16] [17] [18] . Nonetheless, controversy remains, as the RNAediting enzyme APOBEC1 can also function as a DNA deaminase in bacteria 19 , and recombinant AID binds to RNA substrates 18 . Collectively, evidence supporting the proposal that AID functions as a DNA deaminase is strong but is not universally accepted, in part because of lack of direct evidence for deamination of either DNA or RNA.
In addition to resolving the mechanism question, the ability to detect uracil residues would show when and where AID deamina tion occurs in B cells. Traditionally, AID activity has been examined by investigation of the mutational pattern in immunoglobulin genes from mice deficient in UNG and mismatchrepair proteins [20] [21] [22] . Such studies have secondarily identified deamination events by looking at CtoT transitions that result from the recognition of uracil as thym ine by the DNA replication complex. A drawback to this approach is that it requires that the secondary step of replication make the transitions and therefore does not allow detailed examination of when deamination occurs. In this report, we track primary events by physi cally identifying uracil residues through the sensitivity of genomic DNA to in vitro digestion with UNG and APE1. The method provides an absolute measure of uracil content independently of processing by DNA replication into mutations. This technique has been used before to locate uracil residues in plasmids from bacteria expressing AID 23 , and we have now modified it to identify them in immunoglobulin genes from B cells.
RESULTS

Experimental strategy
Our strategy to detect the presence of uracil was to isolate genomic DNA from Ung −/− B cells at various stages of activation and then treat the DNA in vitro with UNG to remove uracil. Because recombinant UNG is very specific for the removal of uracil, with no detectable activity in removing the structurally similar bases cytosine or thym ine 24 , we proposed that UNG sensitivity would be a direct measure of uracil content. The resulting abasic site from UNG processing was converted to a nick by the addition of APE1, which produced frag mented DNA. Therefore, the presence of uracil could be measured as either a loss of signal of the intact DNA or a gain of signal from the presence of more fragment ends (Fig. 1) .
Uracils in the chicken immunoglobulin λ-chain locus during SHM We used the DT40 chicken B cell line, which continuously under goes GC and SHM 25, 26 , to detect the accumulation of uracil resi dues in the immunoglobulin λlight chain locus (Igl). To promote abundant generation and retention of uracil residues and to inhibit GC, we used UNGdeficient cells containing a transgene to over express chicken AID 8 . In DT40 cells, one allele of Igl is maintained in an unrearranged and inactive configuration, whereas the sec ond is rearranged and actively undergoes GC and SHM. Therefore, we were able to do Southern blot analysis with the unrearranged allele as a loading control for DNA (Fig. 2a) . We obtained DNA from cells grown for 2 weeks, digested the DNA with the restriction enzymes SacI and SpeI, then incubated it with or without UNG, followed by treatment of all samples with APE1. The band for the rearranged allele from the UNGtreated sample had lower intensity than that from the untreated sample (Fig. 2b) . When standardized to the intensity of the band for the unrearranged allele to control for loading differences, the band for the rearranged allele had a significant decrease in intensity of 25% after treatment. This was dependent on AID, as we found no difference in DNA from AID deficient (Aicda −/− ) cells.
To determine if the sensitivity depended on AID's deaminase activity, rather than its functioning as a scaffold, we generated Ung −/− Aicda −/− cell lines that expressed human AID. By this strategy, we simultaneously examined lines transfected with either wildtype human AID or a catalytically inactive mutant of human AID 27 . We selected DT40 clones with similar expression of both the wildtype and mutant constructs (Fig. 2c, top) , then grew them for an additional 2 weeks in culture and then assessed the uracil content by quantitative PCR assay to compare the variable-λchain joining region (VJ λ ) with the λchain constant region (C λ ).
By quantitative PCR analysis, the amplification of VJ λ relative to that of C λ was 57% lower in treated samples from cells transfected 
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with vector encoding wildtype AID than in untreated samples (Fig. 2c, bottom) . Consistent with biochemical studies 27 , DNA from clones expressing the activesite mutant did not have less amplification, similar to Aicda −/− clones transfected with vector only.
Uracil residues in mouse V H and V κ regions during SHM Although the initiation of SHM in DT40 cells and mice is very similar, differences exist in mutation frequency and spectra. Therefore, we extended the uracil analysis to mouse cells undergoing SHM in vivo and used quantitative PCR to specifically identify V and C regions. We iso lated DNA from germinal center B cells from the spleens of mice immu nized with keyhole limpet hemocyanin (KLH) in adjuvant complex and evaluated fragmentation of the V and C regions of the immunoglobulin heavychain (Igh) and immunoglobulin κchain (Igk) loci (Fig. 3a) . By quantitative PCR analysis, UNGtreated DNA from Ung −/− cells showed lower cycling threshold values that corresponded to a 53% lower value for the VDJ intron and 24% lower value for the VJ intron than for those of untreated DNA, whereas the C µ and C κ genes did not have lower values (Fig. 3b) . This decrease was due to AID, as there was no difference in amplification from Ung −/− Aicda −/− DNA.
Uracil residues in the m-chain switch region during CSR The third AIDdependent mechanism in B cells is the initiation of CSR. Mutations and strand breaks were present in a 4kilobase (kb) region encompassing the µchain switch region (S µ ) 22, 28, 29 ( Fig. 4a ) and preceded nonhomologous end joining to recombine S µ with downsteam S regions. To measure the introduction of uracil residues during CSR, we isolated splenic B cells from Ung −/− mice and cultured them for 3 d ex vivo with lipopolysaccharide (LPS) and interleukin 4 (IL4). To eliminate apoptotic DNA fragmentation during culture, we collected the cells with a Histopaque gradient to recover live cells. In these cells, we detected AID by immunoblot analysis as early as day 1, and it increased during subsequent days (Fig. 4b) . We then collected DNA on days 0-3, and analyzed it by quantitative PCR, comparing regions of S µ and the reference gene Gapdh of about ~850 base pairs (bp; Supplementary Fig. 1a ). The amplification of S µ from treated DNA was 23% lower on day 1 than that of S µ from treated DNA (Fig. 4c) . This modest sensitivity to UNG treatment may have been due to the stimulation conditions, as only 30% of splenic B cells are activated by LPS in culture 30 . The decrease in amplification of ~20% could therefore have reflected a 66% decrease in the stimulated population 3.4 
C µ primers κ-light chain: (20% sensitivity/30% stimulated cells). By days 2-3, the DNA was less sensitive to digestion with UNG, even though AID expression continued to increase.
To confirm the phenotype reported above, we used Southern blot analysis to measure the sensitivity of DNA to treatment with UNG. After digesting DNA with HindIII, UNG and APE1, we separated the DNA by electrophoresis through a denaturing gel and trans ferred it to a membrane. We quantified the remaining 2.6kb intact band hybridization with a probe targeting the 3′ end of the HindIII digested fragment, which does not undergo mutation, to ensure complete annealing of the probe. As a control, we measured uracil residues in Dhfr (encoding dihydrofolate reductase; Supplementary  Fig. 1b) . The S µ band of treated DNA had lower intensity on day 1 than did the S µ band of untreated DNA, whereas the Dhfr band had no detectable sensitivity to treatment (Fig. 4d) . When we normalized the S µ values to Dhfr values, we found a significant decrease in intensity of 18% by day 1 (P = 0.02). Consistent with the PCR analysis, DNA collected on days 2-3 did not show substantially less sensitivity, which suggested that uracil residues were less abundant. This phenotype was dependent on AID, as cultured cells from Ung −/− Aicda −/− mice showed no sensitivity to UNG treatment (Fig. 4e) .
Balance between AID activity and DNA replication The loss of UNG sensitivity on day 2 corresponded to the time frame during which ex vivo cells begin to replicate, as identified by incorpo ration of thymidine analog EdU (5ethynyl2′deoxyuridine; data not shown). To address the effect of DNA replication on uracil content during CSR, we blocked replication to assess whether the frequency of uracil residues would increase; for this, we incubated Ung −/− B cells on day 0 with LPS and IL4 plus the DNAreplication inhibi tor aphidicolin (Fig. 5a) . Comparison of B cells cultured for 72 h in the presence or absence of aphidicolin showed a distinct difference in dilution of the cytosolic dye CFSE (carboxyfluorescein diacetate succinimidyl ester), which indicated inhibition of cellular division after the addition of aphidicolin (Supplementary Fig. 2a) . Notably, the presence of aphidicolin did not inhibit the expression of AID, which continued to increase over the 2day culture ( Supplementary  Fig. 2b ). We then examined DNA from cells cultured in aphidicolin for sensitivity to treatment with UNG and APE1 by quantitative PCR and Southern blot analysis to measure the loss of intact DNA in the S µ region. Similar to the results obtained with cells cultured in the absence of aphidicolin, the DNA showed an initial decrease in band intensity of 20% by day 1 (Fig. 5b,c) . However, by day 2, the DNA had a decrease in intensity of ~40%, which suggested that AID continually functioned to increase the uracil content.
Uracil residues on both DNA strands The S regions contain a high density of deoxycytidine tracts on the transcribed strand, which form Rloops during transcription 31 . One characteristic of Rloop structures is that the nontranscribed strand will be single stranded, whereas the transcribed strand will be in complex with newly formed RNA molecules. Therefore, the nontrans cribed strand may be targeted by AID at a higher frequency than the transcribed strand is, as AID requires singlestranded DNA. To test that assumption, we measured the uracil content of both strands in Ung −/− mouse B cells undergoing CSR by Southern blot analysis with strandspecific RNA probes. As a control, we examined DNA from unstimulated cells with each probe and found no sensitivity to treatment with UNG (day 0; Fig. 6a ). We then incubated DNA from B cells for 1 d in LPS and IL4 and assessed its sensitivity to treatment with UNG. Hybridization to a doublestranded DNA probe was 16% lower on day 1 than day 0; hybridization to the nontranscribed probe was 19% lower on day 1 than day 0; and hybridization to the transcribed probe was 14% lower on day 1 than day 0 (Fig. 6b) . These results sug gested that there was a slight bias for the presence of uracil residues on the nontranscribed strand, which accounted for 58% of the total sensitivity detected with the doublestranded probe, compared with the transcribed strand, which had 42% of the sensitivity ( Table 1 ). 
Uracil residues replace mainly cytosine residues To locate the deamination events, we used ligationmediated PCR to find UNGdependent DNA breaks in the heavychain joining region 4 (J H 4) intron. We isolated genomic DNA from germinal center B cells from the spleens of mice immunized with KLH in adjuvant and treated the DNA with UNG and APE1 or with APE1 alone. We then used a mutant form of DNA polymeraseβ, which lacks polymerase activity but has lyase activity, to remove the sugar phosphate and leave a single nucleotide gap, for processing of the breaks. We then subjected DNA to a single round of extension by a highfidelity polymerase, ligated it to an asymmetric linker and amplified it by PCR (Fig. 7a) . We separated the products by electrophoresis and identified them by Southern blot analysis with a J H probe. Thus, bands of varying sizes would reflect uracil residues at different positions in the sequence.
There were a few faint bands in treated DNA from wildtype C57BL/6 and Ung −/− Aicda −/− mice, as well in some untreated samples. We used many methods to isolate genomic DNA with the least shearing and were unsuccessful in our attempts to clone bands from untreated DNA, which suggested that these bands represented the background limits of the PCR assay. In contrast, UNGtreated DNA from Ung −/− mice and Ung −/− mice also deficient in DNAmismatch repair; (Ung −/− Msh2 −/− mice) showed strongly hybridizing bands (Fig. 7b) . Most of these bands were smaller in size because they amplified more effi ciently than larger fragments did. We then cloned and sequenced the bands to locate the position of the DNA breaks. The first missing nucleotide in the ligation site represents the base removed during UNG treatment and is referred to as the 'linker site' . A map of the linker sites showed that the bands originated from a diverse pool of breaks in the J H 4 intron (Fig. 8a and  Supplementary Fig. 3a) . Although we cloned some large fragments, most of the bands were under 300 bp, probably because of the greater amplification and cloning efficiency of smaller DNA fragments. There was significant overrepresentation of cytosine at the linker sites in Ung −/− clones (Fig. 8b) . To determine if the breaks found at the other three bases were due to mismatchrepair activity, we sequenced DNA from Ung −/− Msh2 −/− clones. There was no difference between the two genotypes in the percentage of linkers, which suggested that these breaks occurred during DNA isolation. Another assumption from biochemical studies [32] [33] [34] and mutational studies [35] [36] [37] [38] is that AID is more likely to deaminate cytosine in the WGC sequence motif (where 'W' is A or T). We therefore compared the total number of cytosine break points in WGC with the percentage of motifs in the sequence (Supplementary Fig. 3b,c) . In both the Ung −/− and Ung −/− Msh2 −/− samples, we found linkers in the WGC motif at a twofold higher fre quency than estimated by chance, although this value was not statisti cally significant because of the low number of events analyzed.
Lack of dUTP incorporation during error-prone repair
In addition to the generation of uracil residues by AID deamination, uracil could be misincorporated into DNA during repair synthesis, in which it is inserted opposite template A to generate a U:A mismatch. It has been proposed that a DNA polymerase might use this non canonical base from the nucleotide pool to fill gaps produced during SHM 39, 40 . To test that hypothesis, we first did DNAreplication assays on a primertemplate substrate (Supplementary Fig. 4a ) followed by digestion with UNG and APE1. If uracil were incorporated, replica tion products would be truncated after uracil excision. This analysis showed that polymeraseη used dUTP at a high frequency, whereas polymeraseβ and polymeraseη did not (Supplementary Fig. 4b ). In fact, polymeraseη, which has a distinct role in producing muta tion of A:T pairs during SHM, efficiently incorporated dUTP with kinetics similar to those of its incorporation of dTTP, even when dTTP was in excess (Supplementary Fig. 4c,d ). To determine if this polymerase influenced the uracil content of B cells, we next exam ined DNA from mice deficient in polymeraseη (Polh −/− ). Ligation mediated PCR sequencing analysis showed no difference between Ung −/− and Ung −/− Polh −/− samples in the amount of linkers at T bases (Supplementary Fig. 4e ), which suggested that the incorporation of dUTP by polymeraseη does not contribute substantially to SHM. A published study with dUTPase reached the similar conclusion that integration of dUTP does not affect AtoT mutations 41 .
DISCUSSION
Rearranged Vgene segments are an important chief target of AID, as the resulting mutations can generate highaffinity antibodies that effectively bind pathogens. Vgene segments can also generate diversity by GC in some species. To detect the presence of uracil residues in cells undergoing both these processes, we analyzed DNA from the DT40 chicken B cell line. The rearranged allele from the Igl locus was sensitive to treatment with UNG and APE1, whereas the unrearranged allele was not, consistent with studies showing that only the rearranged VJ gene undergoes SHM and GC 25, 26 . Additionally, the deamination events required an intact active site in AID, which showed that AID enzymatic activity is required for deamination of DNA. To track deamination events in cells undergoing SHM in vivo, we examined DNA from mouse germinal centers after immunization Analysis of the contribution of each strand to the total uracil content in both strands, based on the data in Figure 6 . with KLH in adjuvant. Quantitative PCR analysis with genespecific primers showed that DNA encoding V H and V κ regions had 53% and 24% sensitivity to treatment with UNG, respectively, whereas C µ and C κ regions had no sensitivity. The partial sensitivity of the V regions might reflect the transient presence of uracil residues, which could be diluted or fixed into mutations after replication. Thus, the PCR assays provided physical evidence that AID actively deaminates DNA in vivo in V regions but not C regions.
A second target of AID is the S regions of the Igh locus, which provide the structural basis for CSR for the production of antibod ies with different isotypes. CSR can be readily induced ex vivo in mouse splenic B cells, so the mechanism of deamination can be determined in synchronized cells. Indeed, by doing a timecourse study, we found greater sensitivity to UNG and APE1 in the S µ region after the first 24 h of stimulation but not during subsequent days in cul ture. However, published timerelated studies have shown that double strand breaks 28 , foci of the DNAdamage sensor NBS1 (ref. 42) , S µ mutations 43 and isotype switching 42 do not occur until day 2. Our results have shown that uracil residues were introduced hours before they were processed into strand breaks, mutations and switch ing. This delay in repair events may increase the number of uracil containing substrates before cell division to promote switching and mutagenesis while potentially inhibiting the ability to faithfully repair the uracil residues. To determine whether replication does have a role in decreasing the uracil content, we added aphidicolin to cell cultures, which induces an intraSphase checkpoint. UNG sensitivity was increased considerably to 40% on day 2 in the absence of cell division, which showed that AID continually deaminates cytosine residues in the S µ region after the first 24 h. Thus, DNA replication might diminish the load of mutagenic uracil residues to minimize the risk of further breaks and possible translocations.
How many uracil residues are there in the S µ region after ex vivo activation? The sensitivity to UNG on day 1 was consistent with the proposal that most of the stimulated cells contained at least one uracil residue in a 850bp region, or ~0.8 uracil residues per kilobase, in S µ . This is a minimum estimate, as this technique cannot quantify the difference between one or multiple breaks to cleave intact DNA. The amount of uracil in Ung −/− mouse embryo fibroblast cells has been estimated at 2,000 residues per genome 44 , or about 0.001 per kilobase. Therefore, AID generates ~800fold more uracil residues in S µ than is found during normal cellular metabolism. However, it must be noted that this value is calculated from Ung −/− cells, and the total amount of uracil residues at a single time will presumably be lower in wildtype cells.
Other characteristics of AID, beyond its focused targeting to V and S regions, is that it deaminates only singlestranded DNA and has a propensity for WGC hotspot motifs [32] [33] [34] . To compare those bio chemical data with the actual activity of AID in B cells, investigators have analyzed the patterns of mutation in V and S regions. However, mutations are the end product over time after multiple processing events associated with DNA replication and repair and may not reflect the primary deamination events. We therefore examined these two characteristics of AID activity by identifying uracil residues in cells.
The first characteristic is that AID is active on both DNA strands with a similar frequency. This is particularly enigmatic in the S regions, which form Rloops that should favor the nontranscribed strand as a singlestrand substrate for AID. In fact, in simple in vitro systems, AID has a strong propensity to deaminate cytosine residues on the nontranscribed strand in the context of transcription [45] [46] [47] . However, in Ung −/− Msh2 −/− B cells, in which CtoT transitions represent repli cation past uracil, there was no evidence for preferential deamination on the nontranscribed strand in S µ (ref. 22 ). This suggests that either AID has equal access to both strands in vivo or DNA replication is dif ferent in the leading and lagging strands 48 . To determine if the muta tions accurately reflected AID activity, we calculated the percentage of uracil content per strand by Southern blot analysis. The data con firmed that both strands indeed had similar sensitivity to UNG. Thus, despite the secondary structure of S µ , both the top and bottom strands must be temporarily single stranded long enough to allow AID access for deamination. It is unclear at present how AID can function on both strands, although several models have been proposed, such as supercoiling of DNA during transcription 49 or destabilization of the Rloops by RNase 50 . The second characteristic is that AID mostly deaminates cytosine residues located in the WGC motif. We therefore mapped the location of uracil residues by ligationmediated PCR and found that most UNGassociated breaks were at cytosine residues, consistent with deamination of DNA. Furthermore, the uracil resi dues were present in the WGC sequence at a twofold higher frequency than would be expected by random deamination. The structural basis for why AID interacts with WGC sequences has been identified; it is due to an 11-amino acid loop in the protein that interacts with the DNA 51, 52 . Thus, for both characteristics, the uracil residues identified are in agreement with the mutational studies and support the hypo thesis that CtoT transitions are a signature of AID.
In summary, mutagenic uracil residues in immunoglobulin genes are processed by either an errorprone pathway to generate mutations or an errorfree process to remove the rogue uracil by base excision or mismatch repair. Notably, we did not detect uracil residues in DNA from wildtype mice, which have both repair pathways. This suggests that the U:G mispair is quickly processed by repair or replication. It remains to be determined if uracil residues persist in B cells from people with compromised DNA repair due to aging or genetic defects, in which uracil residues could remain and become targets for cancer or genome instability.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureimmunology/. 
